A fundamental problem faced by the auditory system of humans and other vertebrates is the segregation of concurrent vocal signals. To discriminate between individual vocalizations, the auditory system must extract information about each signal from the single temporal waveform that results from the summation of the simultaneous acoustic signals. Here, we present the first report of midbrain coding of simultaneous acoustic signals in a vocal species, the plainfin midshipman fish, that routinely encounters concurrent vocalizations. During the breeding season, nesting males congregate and produce longduration, multiharmonic mate calls that overlap, producing beat waveforms. Neurophysiological responses to two simultaneous tones near the fundamental frequencies of natural calls reveal that midbrain units temporally code the difference frequency (dF). Many neurons are tuned to a specific dF; their selectivity overlaps the range of dFs for naturally occurring acoustic beats.
A fundamental problem faced by the auditory system of humans and other vertebrates is the segregation of concurrent vocal signals. To discriminate between individual vocalizations, the auditory system must extract information about each signal from the single temporal waveform that results from the summation of the simultaneous acoustic signals. Here, we present the first report of midbrain coding of simultaneous acoustic signals in a vocal species, the plainfin midshipman fish, that routinely encounters concurrent vocalizations. During the breeding season, nesting males congregate and produce longduration, multiharmonic mate calls that overlap, producing beat waveforms. Neurophysiological responses to two simultaneous tones near the fundamental frequencies of natural calls reveal that midbrain units temporally code the difference frequency (dF). Many neurons are tuned to a specific dF; their selectivity overlaps the range of dFs for naturally occurring acoustic beats.
Beats and amplitude-modulated (AM) signals are also coded differently by most units. Although some neurons exhibit differential tuning for beat dFs and the modulation frequencies (modFs) of AM signals, others exhibit similar temporal selectivity but differ in their degree of synchronization to dFs and modFs. The extraction of dF information, together with other auditory cues, could enable the detection and segregation of concurrent vocalizations, whereas differential responses to beats and AM signals could permit discrimination of beats from other AM-like signals produced by midshipman. A central code of beat dFs may be a general vertebrate mechanism used for coding concurrent acoustic signals, including human vowels.
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The temporal waveforms of concurrent vocalizations from independent senders summate into a single resultant signal at a listener's ear. To identif y individual vocalizations, a listener's auditory system must first separate information regarding each signal based on cues from this single acoustic waveform. Psychophysical experiments in humans have demonstrated that listeners can segregate two concurrent multiharmonic signals, namely vowels, that differ in f undamental frequency (F0) (Brokx and Nooteboom, 1982; Chalikia and Bregman, 1989) . Several models propose mechanisms for segregating two concurrent vowels with small differences in F0 (Ͻ10 Hz) (Assman and Summerfield, 1990; Meddis and Hewitt, 1992; Culling and Darwin, 1994) . However, few studies have examined the coding of concurrent acoustic signals in the auditory periphery (Palmer, 1990; Cariani and Delgutte, 1996b; McK ibben et al., 1993) and cochlear nucleus (Keilson et al., 1995) . Hence, the central computations used in the segregation of concurrent vocalizations in vertebrates remains largely unknown.
To identif y the neural mechanisms that permit the segregation of concurrent multiharmonic vocal signals, the coding of simultaneous signals must first be assessed. Here, we report the first neurophysiological investigation of the central coding of concurrent acoustic signals (beats) in the auditory midbrain of a vertebrate that routinely encounters concurrent vocal signals, the plainfin midshipman fish (Porichthys notatus). Reproductively active males generate long-duration (Ͼ1 min) advertisement signals, "hums," that attract females to their nest (Ibara et al., 1983; Brantley and Bass, 1994; McKibben et al., 1995) . Hums are multiharmonic signals with an F0 of ϳ100 Hz (Fig. 1 A) . During the breeding season, males cluster and hum simultaneously (Ibara et al., 1983; DeMartini, 1988; Brantley and Bass, 1994; Bass, 1996) . Behavioral phonotaxis experiments show that when presented with two concurrent tones near the F0s of natural hums, and which originate from separate underwater loudspeakers, individual midshipman localize and approach a tone from a single speaker (McKibben et al., 1995) . This suggests that mechanisms within the midshipman auditory system enable the segregation of concurrent hums.
Concurrent hums with small differences in F0 interfere to produce beat waveforms characterized by amplitude and phase modulations at the difference frequencies (dFs) of their harmonic components ( Fig. 1 B, C) . These acoustic beats are analogous to the electric beats of fish that have central neurons that encode electric organ discharge dFs (Heiligenberg, 1991) . Here, in midshipman, we demonstrate that midbrain units temporally code the dF of acoustic beats composed of two tones near the F0s and with dFs comparable to those of natural beats. Comparisons of responses to beats and amplitude-modulated (AM) signals indicate that approximately one-third of the units exhibit differential tuning for beat dF and the modulation frequency of AM signals, whereas most others differ in their degree of synchronization to either signal. Interestingly, males also produce trains of short duration (50 -200 msec), AM-like signals called "grunts," in ago-nistic encounters with other males (Brantley and Bass, 1994) . Hence, the coding of dF information, in conjunction with other auditory cues, could enable the detection and segregation of concurrent hums, as well as the discrimination of hums from grunts.
Portions of these results have appeared earlier in abstract form .
MATERIALS AND METHODS
The midshipman is a sound-producing teleost fish found along the western coast of the United States and C anada (Walker and Rosenblatt, 1988) . Concurrent midshipman hums were recorded from neighboring nests during 1993 and 1995 at two habitats (Tomales Bay, CA, and Brinnon, WA) using hydrophones (Cornell University Laboratory of Ornithology) and either a Sony ProWalkman or Marantz cassette recorder. Recordings were digitized at 2 kHz, and 16 bit resolution and their power spectra were calculated with a fast Fourier transform size of either 16K (0.11 Hz frequency resolution) or 8K (0.22 Hz frequency resolution) using C anary 1.1 (Cornell University Laboratory of Ornithology). The dFs of the f undamental frequencies (dF0s) of concurrent signals were determined by measuring the spectral peaks and then calculating their difference (Fig. 1C) . Only the spectral peaks of F0s that could be clearly resolved were used.
Animals for physiological experiments were collected from nests (Tomales Bay, CA), housed initially in running seawater holding tanks and later in artificial seawater aquaria at 15-16°C, and maintained on a diet of minnows. Midshipman have two male reproductive "morphs" (Bass, 1996) . T ype I males build and guard nests and generate both hums and grunts. T ype II males do not build nests or acoustically court females; instead they sneak spawn and, like females, only produce lowamplitude grunts infrequently (Brantley and Bass, 1994) . In this study, we used 52 type I males ranging in size from 30 to 80 gm for neurophysiological recordings; f uture studies will assess possible sex differences.
As in many other teleosts (Fay, 1993) , the principal acoustic end organ of the midshipman's inner ear is the sacculus (Fig. 2 A, SA) (Cohen and Winn, 1967) , an otolith organ that also responds to acoustic stimuli in terrestrial vertebrates (Lewis et al., 1982; McCue and Guinan, 1994) . Eighth nerve primary afferents (Fig. 2 A, V III ) terminate in octaval nuclei of the medulla (Fig. 2 A,MO) . These nuclei in turn project to a variety of nuclei, including a nucleus centralis in the torus semicircularis of the midbrain (Knudsen, 1977; Bass et al., 1996; McCormick and Hernandez, 1996) , a homolog of the mammalian inferior colliculus (McCormick, 1992) . Recordings were made from the nucleus centralis ( Fig. 2 A, B, NC) . The locations of central recording sites were verified after iontophoretic injection of neurobiotin (Vector Laboratories, Inc., Burlingame, CA; 5% in 3 M KC l, ϩ3 A, 10 min) and survival times of ϳ15 min -15 hr (after Bass et al., 1996; Kawasaki and Guo, 1996) ; the procedures used for fixation and visualization of a dense reaction product (Fig. 2C ) have been described elsewhere .
For surgery, animals were anesthetized by immersion in 0.2% ethyl p-amino benzoate (Sigma, St. L ouis, MO) in seawater from their housing unit. The midbrain was exposed, and a plastic dam attached to the skin surrounding the opening allowed for submersion of the fish below the water surface. During recording, pancuronium bromide (0.5 mg / kg) was used for immobilization and fentanyl (1 mg / kg) was used for analgesia. Acoustic signals were synthesized using custom software (CASSI E, designed by J. Vrieslander, Cornell University) and delivered through a UW30 underwater speaker (Newark Electronics) beneath the fish in a 32-cm-diameter tank (design after L u and Fay, 1993) . The frequency response of the speaker was measured with a Bruel and Kajer 4130 minihydrophone, and sound pressure was equalized using CASSI E software. Hydrophone recordings of acoustic stimuli verified that reflections from the tank walls and water surface do not alter the sound pressure of the signals. All experiments were conducted inside a soundproof chamber.
Single-unit extracellular recordings were made using glass micropipettes or indium-filled electrodes, amplified and bandpass-filtered between 250 Hz and 3 kHz. There were no obvious differences in the kinds of units detected with either electrode type. Single-unit recordings were discriminated from multiple units on the basis of their signal-to-noise ratio and spike shape; single units had distinct large-amplitude peaks and fast rise times. In addition, for data acquisition, a pattern-matching algorithm within CASSI E was used to extract visually identified single units. On isolation of most single units, their threshold frequency tuning curve and /or isointensity response curve was measured. To measure isointensity curves, 10 repetitions of 1-sec-duration pure tones were presented at 2 or 5 Hz increments between 70 and 120 Hz at various intensity levels, usually 6, 12, and 18 dB above threshold. The best excitatory frequency of a unit was designated as the frequency with the maximum average spike rate response. The 80% bandwidths of isointensity curves were measured by determining the frequencies at which the average spike rate response fell below 80% of the maximum response.
To investigate the coding of beats, stimuli were presented that were composed of two tones (F1 and F2) near the F0s of natural hums. F1 was held constant at 90 Hz, which is close to the characteristic frequency of most auditory midbrain units; F2 varied from F1 up to Ϯ20 Hz in 2 Hz increments (Fig. 3A) . For most units, the intensity level of the beat stimuli was 12 dB above threshold measured for a 90 Hz pure tone; for some units the intensity level was either 6 or 18 dB above threshold. The order of presentation of beat stimuli was either with increasing dF, decreasing dF, or random dF. There were no differences in results using different presentation orders. Stimuli consisted of either 10 repetitions of a 1 sec stimulus (n ϭ 76), two repetitions of a 5 sec stimulus (n ϭ 6), or one repetition of a 10 sec stimulus (n ϭ 13), all with rise and fall times of 50 msec. For experiments in which we tested responses to beat stimuli Figure 1 . Acoustic signals of plainfin midshipman fish. A, An example of the temporal waveform and power spectrum of a hum produced by a nesting male. B, An example of the temporal waveform and power spectrum of two, field-recorded, simultaneous hums with different F0s (F01 ϭ 117.8 Hz and F02 ϭ 120.2 Hz; dF0 ϭ 2.4 Hz). C, The distribution of dFs for the fundamental frequencies (dF0) of concurrent hums recorded in natural habitats. The recorded F0s ranged from 96 to 126 Hz. Because F0 varies directly with water temperature (Bass and Baker, 1990; Brantley and Bass, 1994) , measurement of dF from simultaneously recorded males ensured that both animals were at the same water temperature.
composed of different primary tones, F1 was held constant at either 80 or 100 Hz, and F2 varied from F1 up to Ϯ20 Hz. Comparable AM signals were generated by multiplying a 90 Hz carrier frequency by a modulation frequency (2-10 Hz) with 80% depth of modulation (Fig. 3B) . The intensity level of the AM stimulus was approximately equivalent (within 2 dB) to that of the beat stimuli. We chose to use 80% AM, because the envelope shape and rise time more closely resemble that of a beat waveform, whereas 100% AM produces a steeper rise time and more sharply peaked envelope (Fig. 3C) . In this study, we considered that the most salient features of comparison between AM signals and beats are those of envelope shape and rise time rather than absolute depth of modulation. The effects of different depths of modulation on beat and AM coding will be explored in a subsequent study.
Spike train responses were quantified by measuring the average spike rate and vector strength of synchronization (VS) to the individual tones. VS measures from 0 to 1 the accuracy of phase locking to a periodic signal (Goldberg and Brown, 1969) . In addition, vector strength of synchronization to the beat frequency, VS dF , was measured by construct- Bass et al., 1994) . B, Line drawing of cross-section at level of midbrain recording site. The blackened area encompasses the center of injection site and surrounding area of dense neurobiotin labeling; hatched lines indicate labeled fibers. Scale bar, 600 m. GL, Nucleus glomerulosus; IL, inferior lobe of hypothalamus; LL, lateral lemniscus; NC, nucleus centralis; NL, nucleus lateralis; TE, mesencephalic tectum. C, Photomicrograph through region of neurobiotin labeling at site outlined in B. The densest area of staining represents the center of the injection site. Double arrows point to corresponding positions in B and C. ing period histograms for the cycle period equal to dF (Fig. 3D) . Traditionally, VS is calculated over all the spike train data. However, to quantif y and compare beat responses between units and different stimuli, we computed VS dF over 1 sec intervals and statistical measures over 10 sec. A Rayleigh Z test, based on the mean VS dF and mean number of spikes per repetition, was used to test whether synchronization to dF was significantly different from random ( p Ͻ 0.05) (Batschelet, 1981 ). An ANOVA was used to test the effect of dF on VS. To assess any differences between responses to beats with different primaries or beats and AM stimuli, we performed an ANOVA to test the effect of stimulus type, and a two-factor ANOVA to test the effect of dF*stimulus type.
The research reported here was performed within the guidelines of the Cornell University Animal C are and Use Committee and the National Institutes of Health.
RESULTS
Single-unit recordings were obtained from a total of 126 auditory midbrain neurons. In general, midbrain neurons in midshipman exhibit low-frequency tuning and poor synchronization in their responses to pure tones. The majority of units responded to frequencies ranging from 60 to 150 Hz with thresholds ranging from 105 to 120 dB (re: 1 Pa). Based on isointensity curves (Fig.   4 A) , the best excitatory frequencies ranged from 70 to 110 Hz for all units tested (Fig. 4 B) . The 80% bandwidths, which ranged from Ͻ10 to 40 Hz, identified three categories of frequency tuning (Fig. 4C) . "Narrowly" tuned units had 80% bandwidths Յ10 Hz, with best excitatory frequencies centered mainly at ϳ90 Hz (Fig. 4 D) . A second group of "broadly" tuned units had 80% bandwidths Ͼ10 Hz and up to 40 Hz. For some units, designated as "low"-frequency units, the spike rates were Ͼ80% at 70 Hz; hence, an 80% bandwidth could not be defined. For these units, the best excitatory frequency, taken as the highest spike rate response within the frequency range tested, was always Յ80 Hz. Most auditory midbrain units exhibited very low synchronization to pure tone stimuli; in 40 of 44 units, VS was Ͻ0.30 for a 90 Hz pure tone 6 or 12 dB above threshold.
The range of beat dF0s recorded in a natural population is 0 -8 Hz (Fig. 1C) . With this information as a guide, we measured responses to low-frequency beats composed of two tones near the F0s of natural hums in 95 auditory midbrain units over an even broader range of dFs within Ϯ20 Hz (Fig. 5 A, B) . Plots of VS and average spike rate versus dF for three representative units are shown in Figure 6 . Auditory midbrain units exhibited low synchronization to the individual components (F1 and F2) of a beat, whereas synchronization to beat dF was higher (Fig. 6 A-C) . Synchronization to dF was significant (Rayleigh Z test, p Ͻ 0.05) for at least one dF within the Ϯ10 Hz range in 83% of the units; we refer to these units as dF-selective. VS dF versus dF profiles of dF selective units reflected three response types for beat stimuli. Thirty-five percent of the dF-selective units showed moderate synchronization to all dFs between Ϯ10 Hz (Fig. 6 A) but no significant variations in their VS dF values (ANOVA, effect of dF, p Ͼ 0.05); we refer to these units as "broad dF-selective." The remaining 65% of the dF-selective units (Fig. 6 B,C) showed distinct peaks at a particular dF (ANOVA, effect of dF, p Ͻ 0.05); we refer to these units as "narrow dF-selective." Both response types were observed for all three stimulus durations (1, 5, and 10 sec). Among the narrow dF-selective units, 75% exhibited symmetrical tuning to positive and negative dFs (Fig. 6 B) , whereas the remaining 25% (Fig. 6C ) displayed different responses to positive and negative dFs; we refer to these asymmetrically tuned units as "narrow dF sign-selective" units. In general, changes in average spike rate did not reflect changes in VS dF (Fig. 6 D-F) ; a temporal code of dF appears to be the most salient feature of spike train representations of concurrent acoustic signals. The distribution of the maximum VS dF is shown for all dF-selective units in Figure 6G . Figure 6 H presents the distribution of tuning of both broad and narrow dF selective units based on VS dF . Midbrain units show their best synchronization to dFs of 2-10 Hz.
The graphs in Figure 7 show direct comparisons of beat responses with isointensity responses to separately presented pure tone stimuli at the same intensity level and within the same frequency range as the beat stimuli for the same units from Figure  6 . Comparisons of isointensity curves and beat responses in 28 units revealed that only two units had frequency selectivities that directly reflected their dF selectivity. Of the remaining units, 38% were similar to those shown in Figure 7A ,B in which VS dF was similar for positive and negative dFs (broad and narrow dFselective units), whereas isointensity spike rates decreased dramatically over either positive or negative dF frequencies. For the majority of units (62%) VS dF profiles did not follow their isointensity curves over either positive or negative frequencies. For example, for the unit illustrated in Figure 7C , the isointensity profile showed a broad frequency sensitivity, whereas the VS dF profile had a distinct positive peak (a narrow dF sign selective unit). With regard to changes in spike rate, 28% of the units exhibit spike rate changes in response to beat stimuli that generally followed the changes in spike rate in their isointensity curves over the entire frequency range (e.g., Fig. 7D ,E), whereas another 22% exhibit similar spike rate changes only over either positive or negative frequencies. The remaining 50% show no correspondence between their increases and decreases in spike rate for beat stimuli and pure tones (e.g., Fig. 7F ).
Responses to beats with the same dFs but different primary tones were tested in 25 units; 64% displayed no significant variation in their dF selectivity (Fig. 8 A; ANOVA, effect of dF*primary, p Ͼ 0.05), whereas the remaining units showed shifts in their peak dF when the primary tones were changed (Fig. 8 B; ANOVA, effect of dF*primary, p Ͻ 0.05). Thus, some units (F1 and F2) of a beat. G, Histogram of the distribution of the maximum vector strength of synchronization to dF. H, Distribution of best dFs based on VS measures for midbrain units over a 10 Hz range that encompasses the natural range of dFs (see Fig. 1C ). appeared to be selective for a specific dF, whereas in others the coding of dF and spectral components were coupled. In general, changes in average spike rate did not reflect changes in VS dF (Fig.  8C,D) .
Comparisons of responses to beat and AM stimuli in which F1 and the carrier frequency were equal (see Fig. 3A ,B) were studied in 33 units. Sixty-five percent of the neurons (n ϭ 21) were tuned to the same dF and modulation frequency (modF) ( Fig. 9A ; ANOVA, effect of dF*stimulus type, p Ͼ 0.05). However, in 87% of these units, synchronization to AM signals was significantly higher than for beat signals (ANOVA, effect of stimulus type, p Ͻ 0.05; across the population, paired t test for VS max , p ϭ 0.0002). The remaining units (35%; n ϭ 12) showed significant differences in tuning (Fig. 9B , ANOVA, effect of dF*stimulus type, p Ͻ 0.05), but across the population there was no significant difference in their maximum degree of synchronization to AM and beat signals (paired t test, p ϭ 0.3769). Here too, changes in spike rate usually did not reflect changes in VS dF (Fig. 9C,D) . There was no correspondence between cells that responded similarly or differentially to AM and beat stimuli and categorization of a unit according to its frequency selectivity as narrow, broad, or low (see Fig. 4 ).
DISCUSSION

A temporal dF code in midshipman
Species that use acoustic communication in their social behavior often encounter overlapping vocal signals. A major question in auditory processing is what mechanisms are used by the auditory system to segregate concurrent vocal signals, i.e., to detect, discriminate, and identify individual signals that overlap in time. Because of the long duration of midshipman hums and the close proximity of males, concurrent vocalizations are a regular occurrence for these fish. Concurrent hums produce complex beating signals with envelope fluctuations at the dFs between the F0s as well as the upper harmonics (see Fig. 1 B,C) . Here, we focused on the coding of simple beats composed of two tones near the F0s of natural hums as a first step in assessing the coding of concurrent acoustic signals. We find that the dF of acoustic beats is temporally coded by auditory midbrain units, and that many of these units are selective for a particular dF. To our knowledge, this is the first demonstration of a central dF code within the auditory system of a vertebrate.
The range of temporal dF tuning overlaps with the dFs of natural concurrent hums. Behavioral phonotaxis experiments show that when presented with concurrent tones near the F0s of natural hums, midshipman localize and approach an individual tone from a single speaker (McKibben et al., 1995) , i.e., midshipman are able to segregate concurrent signals. Hence, it is plausible that the extraction of dF information plays a role in the segregation of overlapping vocal signals.
More complex envelope modulations created by the presence of upper harmonics or multiple concurrent signals may influence dF coding. In the auditory afferents of mammals and amphibians, Figure 7 . Comparison of isointensity response curves for pure tone stimuli with responses to beat stimuli. A-C, Overlays of isointensity curves (thickened lines) with vector strength of synchronization to dF (ϮSE) (same units as in Fig. 6 ). D-F, Overlays of isointensity curves (thickened lines) with average spike rate. synchronization to the f undamental frequency of a multiharmonic signal can increase or decrease depending on the relative phase angle of the harmonics and resultant shape of the temporal envelope (for review, see Bodnar and Vrieslander, 1997) . Midbrain dF coding in midshipman may be similarly enhanced or degraded by the effects of upper harmonics on the shape of the beat waveform.
What mechanisms might underlie temporal dF tuning within the auditory midbrain? One possibility is that the observed dF tuning simply results from frequency tuning. In this case, the responses of a unit to beat stimuli should reflect its isointensity curve. Yet, comparisons of vector strength versus dF profiles with the frequency tuning of a unit indicate that a simple linearfiltering mechanism does not explain temporal dF tuning (see Fig.  7 ). Alternatively, auditory midbrain dF coding could reflect afferent coding of beat dF. However, in contrast to midbrain units, auditory afferents exhibit a low degree of synchronization to the beat dF, although they show high synchronization to the individual components of a low-frequency beat McKibben and Bass, 1996) . Together, the data suggest that computational mechanisms within auditory nuclei transform an afferent periodicity code of the individual frequency components of a beat into a central periodicity code of dF.
Coding of AM
The temporal features of many vertebrate communication signals, including human speech, serve as the primary cues for distinguishing between different signals (e.g., Gerhardt, 1988; Shannon et al., 1995) . Studies in amphibians, birds, and mammals show that midbrain auditory units exhibit tuning in their responses to different AM rates (Langner, 1983; Rose and Capranica, 1985; Langner and Schreiner, 1988; Batra et al., 1989; Gooler and Feng, 1992; Condon et al., 1994 Condon et al., , 1996 . Similarly, in a sound-producing mormyrid electric fish, the intervals of click stimuli are represented by the spike outputs of midbrain units (Crawford, 1993 (Crawford, , 1997 . AM tuning in, for example, frogs is primarily based on changes in spike rate rather than vector strength of synchronization, although changes in vector strength are also observed (Rose and C apranica, 1985) . In contrast, dF selectivity in midshipman is primarily based on changes in synchronization to dF.
Beats and AM signals with the same dF and modF are similar in the amplitude modulations of their envelopes but differ in their spectral and fine temporal structures, e.g., phase modulation (see Fig. 3 ). Differential coding of AM and beat stimuli would be essential for the discrimination of two concurrent signals from an individual AM signal. This is important for midshipman given that in agonistic encounters, they produce short-duration grunts that have the same frequency components as hums, but with sidebands characteristic of AM signals (Brantley and Bass, 1994) . The vast majority of midbrain units temporally code both beat dFs and AM modFs. Although some neurons exhibit differential dF and modF tuning for beats and AM signals, others exhibit similar temporal selectivity but differ in their degree of synchronization to dF and modF; synchronization to dF is lower. This suggests that midbrain units play a role in both the detection of and discrimination between concurrent courtship hums and agonistic grunts.
Although lower synchronization to beat dF compared with AM modF suggests a poorer temporal code for beats, synchronization to beat dFs is still significant and in many neurons relatively high. Thus, the detection and segregation of concurrent signals is not necessarily compromised. Furthermore, the discrimination of an individual AM signal may only require information about modF, whereas the segregation of concurrent signals would require information about dF and at least one frequency component. Thus, high-fidelity dF coding may have to be sacrificed to maintain some frequency information. Although midbrain units do not code frequency via simple synchronization, other temporal coding strategies may be used. Studies are currently in progress to examine the concomitant coding of beat dF and frequency information. A, E xample of a unit that shows a significant effect of stimulus type on dF-modF synchronization but no significant change in dF-modF selectivity for beats versus AM signals. B, E xample of a unit that exhibits a significant change in dF-modF selectivity for beats versus AM signals.
Comparisons with other vertebrates
Mechanisms for the computation of an analogous electric beat dF have been identified in weakly electric fish that produce a quasisinusoidal electric organ discharge (EOD) used in social communication and electrolocation (Heiligenberg, 1991) . When two fish have EODs with F0s that differ by a few hertz (dF), a fish will adjust its EOD away from that of its conspecific (Bullock et al., 1972; Heiligenberg, 1991; Kawasaki, 1993) . Within the midbrain of gymnotiforms, dF-selective units have been identified, and information regarding the magnitude of dF for two interacting EODs is based on primary afferent coding of the amplitude and phase modulations of the beat waveform (Heiligenberg, 1991) . In some units, the sign of dF is computed from differential amplitude and phase modulations across the animal's body surface with the animal's own signal serving as the reference (Heiligenberg and Bastian, 1984; Heiligenberg and Rose, 1985; Rose and Heiligenberg, 1986) .
In mammals, studies of the coding of concurrent vowels in the eighth nerve and cochlear nucleus indicate that individual F0s and upper harmonics are encoded within the temporal patterns of afferent spike trains (Palmer, 1990; Keilson et al., 1995; Cariani and Delgutte, 1996a,b) . Within the midbrain, many neurons code interaural phase modulation produced by binaural beats that are generated by presenting either slightly different pure tones or AM signals independently to each ear (Yin and Kuwada, 1983; Batra et al., 1989 ; the latter differs from our paradigm, in which both ears are in receipt of an acoustic beat). Sensitivity to binaural phase differences in concurrent signals could serve as a mechanism for sign selectivity or spatial segregation of concurrent signals.
For humans, models proposed for segregating concurrent vowels based on the perception of small differences (Ͻ10 Hz) in F0 rely on two different coding strategies. Assman and Summerfield (1990) and Meddis and Hewitt (1992) propose that the segregation of concurrent signals depends on the temporal coding of their f undamental frequencies (F0s) at both peripheral and central levels. In contrast, the model of Culling and Darwin (1994) hypothesizes that information regarding modulations in the beat waveform itself may be used for vowel segregation. As noted earlier, auditory afferents in midshipman exhibit high synchronization to the periodicity of the individual components (F0s) of concurrent signals but relatively weak synchronization to the dF of the beat waveform. These findings are consistent with the peripheral coding level of the models of Assman and Summerfield (1990) and Meddis and Hewitt (1992) , namely that the F0s of two multiharmonic signals are contained within the firing pattern of primary afferents. Because afferents synchronize to both F0s, information regarding the fine temporal structure of the beat waveform, i.e., phase and amplitude modulations, is also present in afferent spike trains. By contrast, midbrain auditory units exhibit a high degree of synchronization to the dF of a beat but weak synchronization to its F0s (this report); this is consistent with the model of Culling and Darwin (1994) . In sum, the results for midshipman suggest a "combinatorial" coding strategy in which a peripheral periodicity code of individual F0s is transformed into a central dF code.
A midbrain extraction of dF information may be common to other vertebrates that rely on acoustic signals for communication. Studies in a wide range of species suggest a prominent role for the midbrain in coding the temporal features of acoustic communication signals (Rose, 1986; Langner, 1992 ; C asseday and Covey, 1996; Condon et al., 1996) . The coding of beat dF, as well as AM, in the midbrain of midshipman fish supports this hypothesis and now demonstrates a midbrain role in processing the temporal features of not only single but also concurrent vocalizations.
